INTRODUCTION
============

For years, the question of which audiogram sound frequencies contribute to the speech recognition threshold (SRT) in the presence of downward-sloping hearing loss, with steep slopes at high frequencies, has been discussed in the literature. The relationship between pure-tone-thresholds at 500, 1000, and 2000 Hz and the speech reception threshold was studied in 1946 by Carhart ([@b1-cln_68p815]), who noted which type of curve, duration, and type of hearing loss interfered with this relationship.

The purpose of assessing the SRT is to measure an individual\'s speech reception at a given intensity to predict day-to-day communication problems. The SRT aids in selecting hearing aids and indicating the need for cochlear implants ([@b2-cln_68p815],[@b3-cln_68p815]), and it contributes to the diagnosis of functional or psychogenic hearing loss.

Sensorineural hearing loss has been linked to speech understanding difficulties, especially in downward-sloping audiograms ([@b4-cln_68p815]). A group of young individuals with normal hearing, who were presented with noise masks to simulate downward-sloping hearing loss, showed reductions in speech understanding ([@b5-cln_68p815]).

A sound level difference of up to 10 dB higher than the mean threshold obtained at frequencies of 500, 1000, and 2000 Hz is acceptable for the SRT, particularly in cases with a downward-sloping audiometric configuration ([@b6-cln_68p815]). There is much disagreement among authors regarding the sound frequencies involved in predicting the SRT.

Frequencies of 500, 1000, and 2000 Hz are optimal guides for predicting the SRT, except in cases of downward-sloping hearing loss with steep slopes at high frequencies. In 1971, Robert Carhart ([@b7-cln_68p815]), one of the founders of audiology, recommended that audibility thresholds of 500 and 1000 Hz be used in these cases.

A simplified formula for predicting the speech reception threshold was recommended by Fletcher and Galt ([@b8-cln_68p815]), who suggested using the average value for the two best audiogram thresholds obtained among frequencies of 500, 1000, and 2000 Hz.

Audiogram frequencies were studied using a multiple regression equation, such as the method proposed by Quiggle et al. for predicting speech reception thresholds ([@b9-cln_68p815]). Quiggle observed a higher correlation using weighted frequencies of 500, 1000, and 1500 Hz compared with speech reception thresholds. Frequencies above 2000 Hz did not improve or worsen the correlation.

In another study, Kryter et al. ([@b10-cln_68p815]) obtained more data on the relationship between auditory acuity for pure tones and speech recognition ability and established correlation coefficients for frequencies of 500, 1000, 2000, 3000, 4000, and 6000 Hz in several speech tests. The investigation revealed the importance of higher frequencies, suggesting that mean audibility thresholds between frequencies of 1000, 2000, and 3000 Hz and between 2000, 3000, and 4000 Hz would be equivalent and suitable for predicting speech reception thresholds. In practice, the mean thresholds for frequencies of 1000, 2000, and 3000 Hz have produced better outcomes. In a study conducted by Gjaevenes ([@b11-cln_68p815]), the author proposed a regression equation based on the correlation between the speech reception thresholds and different pure-tone thresholds, obtaining the highest correlation indices with frequencies of 500, 1000, and 3000 Hz.

Despite the consensus among scientists regarding the need for a mathematical operation to obtain a marker corresponding to the relationship between hearing and communication, the audiogram frequencies that best represent the speech recognition threshold in cases of a non-flat audiogram in hearing loss have not been determined.

This study aimed to ascertain the contribution of each pure tone to the SRT. These data may help determine the impact of hearing loss on the communication process, as the audiogram provides clues to understanding communication disorders and facilitates the early detection of ear diseases. It is important to emphasize that part of the daily routine of an audiologist is to determine the consistency between different audiologic measures of hearing loss, such as the SRT and audiogram.

MATERIALS AND METHODS
=====================

Data were collected from the medical charts of individuals treated at a public otolaryngology clinic between 2006 and 2011. The objective of the study was to determine which audiogram frequencies represent the SRT in a non-flat audiogram in sensorineural hearing loss.

The following inclusion criteria were established: examinations with audiometric configurations consisting of an upward- and downward-sloping ramp, with minimum differences of 20 dB between the frequencies of 500 and 1000 Hz, 1000 and 2000 Hz, or 500 and 2000 Hz and type A tympanograms; acoustic reflexes present; and an age ranging from 18 to 60 years. Exclusion criteria were exposure to occupational or leisure noise, ear surgery, more than three ear infections within the past year, use of ototoxic medication, and the presence of hereditary deafness. In total, 137 audiograms were selected: 64 from women and 73 from men.

The audibility thresholds at the audiogram frequencies were studied based on the combinations presented in [Table 1](#t1-cln_68p815){ref-type="table"}.

The present study investigated the interference of the weighted frequencies selected to minimize the differences between each combination and the SRT. After data tabulation, we used two methods to highlight which audiogram frequency combinations exhibited a greater relationship with the SRT, i.e., the combinations that yielded a smaller error.

The first method employed was the mean square error (MSE), which can be used as a measure of prediction errors. The MSE is the sum of the squared prediction errors divided by the number of errors in the calculation ([@b12-cln_68p815]). PC-based software in the C++ language was developed to apply the MSE to determine the initial and final errors of each frequency combination.

The second method applied was linear regression. This technique showed which of the eight audiogram frequencies (250, 500, 1000, 2000, 3000, 4000, 6000, and 8000 Hz) best represented the SRT as a dependent variable. A weighted mean was then calculated and rounded to the nearest whole number. This result was considered the model of audiogram frequencies for the present study. Finally, this model and the mean audiogram frequencies at 500, 1000, and 2000 Hz were statistically analyzed and individually compared with the SRT using the Wilcoxon and bivariate correlation tests, with the degree of linear relationship indicated by Pearson\'s coefficient.

To understand what occurs with the SRT and the audiogram when there is a difference between the audibility threshold at frequencies of 500, 1000, and 2000 Hz and a SRT \>10 dB, we created another set of data from a group exhibiting these traits. These data were used to investigate which combinations of audiogram frequencies (T1 and Q1) were significant in predicting the SRT according to the mathematical model adopted in this study. The Wilcoxon signed ranks test was applied to perform this comparison.

The data are presented in tables and graphs that show the mean acuity thresholds and their respective standard deviations (SDs) and 95% confidence intervals (CIs).

The linear regression and the other statistical tests were calculated using PASW Statistics® 17.0. (IBM, USA). A significance level of 0.05 was established (i.e., *p*-values \<0.05 were considered significant). The beta value was set at 0.1.

Ethics
------

The procedures were in accordance with the ethical standards of the committee responsible for human experimentation and with the Helsinki Declaration of 1975, which was revised in 1983.

RESULTS
=======

The study sample consisted of the audibility thresholds of 137 audiograms, corresponding to tone threshold audiometry examinations of 64 women and 73 men. The mean (SD) age of the sample population was 38.2 (5.53) years (range, 18 to 60 years).

[Figure 1](#f1-cln_68p815){ref-type="fig"} shows the mean audibility threshold for the frequencies of 500, 1000, and 2000 Hz selected as inclusion criteria. The data in the first analysis were classified according to the type of audiogram slope (i.e., downward- or upward-sloping).

The analysis of audiogram data considering all frequencies together revealed downward-sloping hearing loss ([Figure 2](#f2-cln_68p815){ref-type="fig"}).

The MSE, used to determine frequency combinations exhibiting the smallest error when compared with the SRT, showed that the combination of the frequencies 500, 1000, and 2000 Hz (T1) contains an initial and final error of 16.34 and 15.63 dB^2^, respectively. The other frequency groups displayed a smaller error (final) with the frequency combinations: Q1 (15 dB^2^), Q3 (14.5 dB^2^), P1 (14.2 dB^2^), P2 (14.4 dB^2^), P3 (14.5 dB^2^), and Octo (14 dB^2^).

[Table 2](#t2-cln_68p815){ref-type="table"} depicts the B coefficients, calculated to demonstrate the importance of each audiogram frequency in the SRT.

According to this method, the combination of frequencies in Q1 was the most significant, with *p*\<0.05. The frequencies of 250, 3000, 6000, and 8000 Hz were the least important in predicting the SRT because the B coefficient approached zero.

A linear regression was applied to all proposed combinations, i.e., T, Q, P, and O, with those combinations including the mean of frequencies T1 and Q1 deemed important combinations.

Another study on the B coefficient was conducted with data from the audiogram frequencies most important for predicting the SRT, i.e., those nearest to whole numbers. [Table 3](#t3-cln_68p815){ref-type="table"} depicts the beta values, p values, and 95% CIs for combination Q1. It is important to emphasize that all beta values were significant in predicting the SRT.

Based on the data presented in [Table 3](#t3-cln_68p815){ref-type="table"}, the weights assigned to 500, 1000, 2000, and 4000 Hz were 4, 3, 2, and 1, respectively, for the combination Q1. A comparison between the weighted Q1 and T1 and the SRT using the Wilcoxon test revealed *p* = 0.910 and *p* = 0.889, respectively.

The bivariate correlation test between the two models and the SRT, with the degree of linear relationship reflected by Pearson\'s coefficient, showed significant values (*p*\<0.000) and correlation coefficients of 0.930 and 0.935 for the T1- and Q1-weighted combinations, respectively.

We found audiograms of 46 ears with a difference between the mean audibility threshold of frequencies 500, 1000, and 2000 Hz and the SRT of more than 10 dB. The mean differences between the models and the SRT were 25.1 dB for T1 and 23.7 dB for the weighted Q1, and the Wilcoxon signed ranks test showed a lower, statistically significant Q1 error, with a *p* = 0.001.

DISCUSSION
==========

The present study, in contrast to most of those found in the literature ([@b1-cln_68p815]),, investigated the relationship between the SRT and audiogram frequencies in a sample characterized by non-flat audiograms associated with hearing loss. This choice is justified because the more the pure-tone threshold curve tends toward a linear configuration, the less relevant the mean combinations of audibility thresholds at these frequencies are in predicting the SRT. For a completely linear curve, one need only determine the individual value of any of the pure-tone thresholds.

In previous audiology studies ([@b1-cln_68p815],[@b7-cln_68p815]-[@b10-cln_68p815]),, investigators looked for correlations between the auditory pure-tone thresholds and speech tests. There has been no consensus on which audiogram frequencies best represent speech.

According to the MSE applied in the present study, the combinations Q1, Q3, P1, P2, P3, and O1 had a smaller error than T1 compared with the SRT. For the linear regression method, Q1 and T1 produced the best results. According to the two statistical methods applied, two combinations of frequencies exhibited better correlations with the SRT. The first combination (Q1) encompasses frequencies of 500, 1000, 2000, and 4000 Hz, and the second combination (T1) is the mean audibility threshold at the frequencies 500, 1000, and 2000 Hz used in audiology.

These findings differ from those obtained by Camargo et al ([@b14-cln_68p815]) in patients with predominantly conductive hearing loss. The authors found that the SRT was closest to the mean of 250, 500, 1000, and 2000 Hz. This result partially corroborates the study conducted by Harris et al. ([@b15-cln_68p815]), who demonstrated a relationship between hearing loss at 500, 1000, 2000, 4000, and 6000 Hz and speech perception. However, the results also agree with those reported by Cassiola et al. ([@b16-cln_68p815]), who demonstrated a greater proximity between the SRT and the mean audibility threshold for frequencies between 500 and 4000 Hz.

Classifying the degree of hearing loss indicates an individual\'s speech perception difficulty, and the findings of the present study demonstrate that frequency thresholds of 500, 1000, 2000, and 4000 Hz must be taken into account, in accordance with Bureau International d\'Audiophonologie (BIAP) recommendation no. 02/01 bis ([@b17-cln_68p815],[@b18-cln_68p815]).

In clinical audiology, audiograms often show a difference of more than 10 dB between the SRT threshold and pure-tone thresholds of 500, 1000, and 2000 Hz, as demonstrated by Berger ([@b19-cln_68p815]).

In the present study, when the difference between the SRT and the mean of the frequencies 500, 1000, and 2000 Hz was greater than 10 dB, the two combinations tested exhibited similar responses compared with the SRT.

The new weighted model that we propose is as efficient as the mean of the frequencies 500, 1000, and 2000 Hz commonly observed in audiological practice, and it yields a significant improvement in specific situations (in non-flat audiograms). A change in the model should be made only if it results in significant gains in auditory diagnosis. We suggest conducting further studies aimed at using the new model adopted by BIAP ([@b17-cln_68p815]), as it is more efficient in different hearing assessment situations.

The weighted audiogram frequencies of 500, 1000, 2000, and 4000 Hz in patients with non-flat sensorineural hearing loss audiograms were more efficient in representing the SRT and predicting speech perception than the mean of 500, 1000, and 2000 Hz. Including the frequency of 4 kHz opens the possibility of considering notches in audiograms whenever they may be present ([@b20-cln_68p815]).
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###### 

Frequency combinations selected for the study.

  Combinations   *Frequencies (Hz)*                                            
  -------------- -------------------- ----- ------ ------ ------ ------ ------ -------
  T1                                  500   1000   2000                        
  T2                                  500   1000                 4000          
  T3             250                                             4000          80000
  T4                                  500   1000   2000          4000          
  Q1                                  500   1000   2000          4000          
  Q2             250                  500   1000   2000                        
  Q3             250                  500   1000                 4000          
  Q4             250                  500          2000          4000          
  P1                                  500   1000   2000          4000          8000
  P2                                  500   1000   2000          4000   6000   
  P3             250                  500   1000   2000          4000          
  Octo1          250                  500   1000   2000   3000   4000   6000   8000

###### 

Calculated B coefficients for each audiogram frequency in the SRT.

               Unstandardized Coefficients            95% Confidence Interval for B            
  ------------ ----------------------------- -------- ------------------------------- -------- -------
  (Constant)   1.107                         0.781    0.437                           −1.699   3.912
  F250         0.090                         1.553    0.123                           −0.025   0.205
  F500         0.277                         3.917    0.000                           0.137    0.417
  F1000        0.308                         7.773    0.000                           0.230    0.387
  F2000        0.216                         3.830    0.000                           0.105    0.328
  F3000        −0.015                        −0.192   0.848                           −0.174   0.143
  F4000        0.122                         2.026    0.045                           0.003    0.240
  F6000        −0.054                        −1.085   0.280                           −0.153   0.045
  F8000        0.025                         0.691    0.491                           −0.047   0.098

###### 

Comparison of beta values for Q1.

               Unstandardized Coefficients           95% Confidence Interval for B            
  ------------ ----------------------------- ------- ------------------------------- -------- -------
  (Constant)   1.637                         1.244   0.216                           −0.966   4.240
  F500         0.352                         8.049   0.000                           0.266    0.439
  F1000        0.300                         7.640   0.000                           0.222    0.377
  F2000        0.198                         4.836   0.000                           0.117    0.280
  F4000        0.096                         2.884   0.005                           0.030    0.162
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